We have collected a set of 347 proteins that are found in eukaryotic cells but have no significant homology to proteins in Archaea and Bacteria. We call these proteins eukaryotic signature proteins (ESPs). The dominant hypothesis for the formation of the eukaryotic cell is that it is a fusion of an archaeon with a bacterium. If this hypothesis is accepted then the three cellular domains, Eukarya, Archaea, and Bacteria, would collapse into two cellular domains. We have used the existence of this set of ESPs to test this hypothesis. The evidence of the ESPs implicates a third cell (chronocyte) in the formation of the eukaryotic cell. The chronocyte had a cytoskeleton that enabled it to engulf prokaryotic cells and a complex internal membrane system where lipids and proteins were synthesized. It also had a complex internal signaling system involving calcium ions, calmodulin, inositol phosphates, ubiquitin, cyclin, and GTP-binding proteins. The nucleus was formed when a number of archaea and bacteria were engulfed by a chronocyte. This formation of the nucleus would restore the three cellular domains as the Chronocyte was not a cell that belonged to the Archaea or to the Bacteria.
R
ecently, Horiike et al. (1) proposed that the eukaryotic nucleus was derived from the symbiosis of Archaea in Bacteria. Their results were based on a search for homologies between proteins found in the yeast genome and those found in the genomes of Archaea and Bacteria. However, the use of homologies to determine relationships between the three main cellular domains is misleading because of the extensive horizontal transfer of genes between the Archaea and the Bacteria (2) as well as between Archaea, Bacteria, and the Eukarya. An alternative to searching for protein homologies in studying the evolution of cellular domains is to search for proteins unique to one domain with no significant homology to proteins in the other domains. This approach has been used by Woese's group to search for signature proteins in Archaea that are unique to the Archaea and that are absent from the Bacteria and Eukarya (3) .
In this paper we set out to find the signature proteins that would delineate the Eukarya from the Archaea and Bacteria. We characterize the set of eukaryotic signature proteins (ESPs) as those proteins that have homologs in all main branches of eukaryotes (animals, plants, fungi, and protozoa), but do not have any homologs in the Archaea and Bacteria. Our ESP set was derived from the completely sequenced genomes of Saccharomyces cerevisiae, Drosophila melanogaster, Caenorhabditis elegans, Arabidopsis thaliana, and Giardia lamblia, and all the 44 available completed genomes of Archaea and Bacteria in GenBank. To obtain the ESP set, we started from the complete sample of 6,271 yeast proteins derived from the sequenced genome of S. cerevisiae. After the removal of proteins that do not have homologs in the genomes of D. melanogaster, C. elegans, and A. thaliana, we obtained a set of 2,136 proteins. Comparing this set with all proteins derived from the completed genomes of Bacteria and Archaea and removing those that do have homologs in Archaea and͞or Bacteria narrowed the list of eukaryote-specific proteins to 914. However, because fungi, plants, nematodes, and insects are late branches on the eukaryotic tree, we compared these 914 proteins with one of the most deeply divergent eukaryotic cells-the protozoan G. lamblia. The resulting 347 proteins we call ESPs. We chose G. lamblia because both the small ribosomal RNA and a host of proteins have identified this cell as being an extremely early-diverging eukaryote (4) . The loss of about 567 proteins as one brings Giardia into the search for ESPs is caused by the absence of a mitochondrion in Giardia and to the simplification of cellular structures in the parasitic protozoan Giardia. Thus the set of 347 ESPs we obtain is a minimal set of early-divergent proteins that can be used to test the hypotheses of eukaryotic origins.
The obtained set of 347 ESPs was divided into 180 nonredundant protein groups including cytoplasmic proteins involved with the cytoskeleton, endocytosis, and phagocytosis, and protein synthesis and degradation (91 proteins, Table 1 ); internal signaling proteins (108 proteins, Table 2 ); proteins in the nucleus such as histones, nuclear pore proteins, and spliceosomal proteins (47 proteins, Table 3 ); and enzymes and unknown proteins (101 proteins, Table  4 ). The ESP set was used to test the existing theories of the origin of the Eukarya, especially the origin of the nucleus.
A major problem in the formation of the eukaryotic cell is the origin and evolution of the nucleus. Mereschowsky proposed in 1910 that the nucleus was formed from bacteria that had found a home in an entity that was composed of ''amoebaplasm'' and was not a bacterium (5) .
At present, there are two major competing theories for the endosymbiotic origin of the nucleus. The first theory claims that the eukaryotic cell is a fusion of an archaeon with a bacterium. One can symbolize this relationship as E ϭ A ϩ B or in words Eukarya ϭ Archaea ϩ Bacteria. We call this the AB hypothesis. There are several variants of this AB conjecture with different proposals for the host cell in which the nucleus became an endosymbiont (1, 6-8).
Horiike et al. (1) claimed that the host cell was a bacterium.
A major difficulty with the AB conjecture is that the prokaryotic host cell must have been able to engulf its future symbiont. The engulfing of other cells requires a complex internal cytoskeleton, which interacts with the plasma membrane. This cellular configuration, in the absence of a cell wall, allows phagocytosis to take place. Prokaryotes, whether they are Archaea or Bacteria, do not have a complex internal cytoskeleton and, in general, they do have a cell wall, and therefore they are incapable of phagocytosis. This AB conjecture is complicated further by the fact that a whole set of new cellular structures (i.e., endoplasmic reticulum, spliceosome, etc.) other than the cytoskeleton had to be constructed from prokaryotes that lacked them.
These difficulties with the AB hypothesis led us to consider a second conjecture for the origin of the nucleus. This hypothesis assumes that the nucleus formed from the endosymbiosis of an archaeon and a bacterium in a third cell, which we will call C. One can symbolize this new conjecture as E ϭ A ϩ B ϩ C. We have named this third cell a chronocyte (9) . We call this second theory the ABC hypothesis. The simplest prediction of this theory is the existence of an ESP set of proteins that evolved from the Chronocyte. This theory would imply that there are three cellular domains despite the large infusion of prokaryotic proteins into the eukaryotic cell because of endosymbiosis. The obtained set of ESPs is thus consistent with the ABC hypothesis. We will try to reconstruct the chronocyte by using ESPs as a guide. (11) . Gapped BLAST was used for comparison of all proteins of a species X with a database of all proteins from a species Y. Analyzing the obtained alignment scores, we divided all proteins of species X into two groups: XY-homologous and XY-unique. An alignment score threshold of 55 bits was used for this division. The 55-bit alignment score corresponds to the E value of 10 Ϫ6 for the largest Giardia and bacterial protein databases used in our study. The 55-bit threshold is a very reliable threshold, which ensures it unlikely that we would get false-positive results for homologous proteins. Further, the set of XY-homologous proteins of species X was compared with a protein database of species Z and divided into the groups of XYZ-homologous and XYZ-unique proteins with the same alignment score threshold of 55 bits. We performed these steps for the consecutive comparison of proteins from five eukaryotic species and also compared them with all bacterial proteins to obtain the ESP sample-the signature set of eukaryotic proteins without a prokaryotic counterpart. We specifically started the generation of ESP sample from the set of S. cerevisiae proteins, because, among the flat FASTA-formatted protein databases, the S. cerevisiae is the best annotated one.
Materials and Methods
All programs were executed on a LINUX-running computer with a dual Pentium III processor. Programs for scanning the BLAST output and grouping the proteins were written in PERL. All protein samples described in this paper are available from our web page (www.mcb.harvard.edu͞gilbert͞ESP).
Results: Chronocyte Reconstruction
Cytoskeleton. We begin our examination of the ESP set with the cytoplasmic proteins (see Table 1 ) because it contains the proteins of the cytoskeleton and the proteins involved in endocytosis and phagocytosis.
The ESPs we find in the cytoskeleton are actin, seven actinrelated proteins, light chain of myosin, tubulins, kinesins, and the light chain of dynein. Actin and tubulin have structural and very weak sequential similarity to FtsA and FtsZ proteins, respectively, in the Bacteria and the Archaea. Is this structural similarity of actin and FtsA or tubulin and FtsZ caused by these The unique identifier symbols for the proteins are from Saccharomyces Genome Database (http:͞͞genome-www.stanford.edu͞Saccharomyces) and are shown in parentheses. The 12 ESP proteins that have low sequence homology to prokaryotic proteins are underlined (maximal BLAST score from 50 to 55 bits).
proteins having diverged from a common ancestor or was this structural similarity caused by the convergence of these proteins from different ancestral proteins? There is at present no good methodology for distinguishing between these two alternatives. There are a number of ESP proteins, e.g., ubiquitin, for which there exists a structural similarity to prokaryotic proteins but no sequential homology. In this paper, we assume that in most cases where this situation arises, there was a common ancestral protein and that it existed in the progenote, a cellular domain that was the ancestor to both the chronocyte and the prokaryotic cells. Therefore, when one finds a protein in eukaryotic cells that is structurally similar but has little or no sequential homology to those found in prokaryotic cells, the best that one can surmise is that these proteins shared a common ancestor.
A recent case was investigated by R. F. Doolittle (12) , who has considered the evolution of the eukaryotic cytoskeletal proteins actin and tubulin and their prokaryotic counterparts FtsA and FtsZ. He determined that the rate by which actin and tubulin varied in the eukaryotic cells was very slow (10% change per billion years). The calculated time when the bacterial FtsA and FtsZ proteins began to diverge from their possible eukaryotic actin and tubulin homologs, according to R. F. Doolittle, is greater than the age of the earth (4.5 billion years). On the other hand, the divergence times of other noncytoskeletal proteins such as metabolic proteins were about two billion years ago. This finding presents a paradox. The solution to this paradox was, according to R. F. Doolittle, ''to have [an] RNA-based 'urkaryote' that was capable of making cytoskeletal proteins. . . The rate of sequence change in an RNA-based system would have been enormously greater than occurs in DNA-based systems'' (12) . This solution to the paradox implies that if the actin and FtsA (tubulin and FtsZ) did have a common ancestor, then it was not to be found in either in Archaea or Bacteria, but in some hypothetical RNA-based ''urkaryote,'' or perhaps in the progenote of Woese. This solution implicates a third cell in the evolution of the eukaryotic cell and hence is a variant of the ABC hypothesis. This solution to the paradox of the relation of actin and tubulin to their prokaryotic counterparts will also apply to other proteins in our set of ESPs such as ubiquitin, histones, and GTP-binding proteins. Histones may be an exception, as the histone fold is found only in one branch of the Archaea and not in Bacteria.
The Plasma Membrane. One of the deepest distinctions between the prokaryotes and the eukaryotes is to be found in the membrane. The prokaryotes have perfected the use of a proton gradient across a membrane to synthesize ATP. The eukaryote has perfected the interaction of cytoskeletal proteins with its membrane, modulated by calcium ions. This distinction could be the major driving force for endosymbiosis. The eukaryote could engulf a prokaryotic cell and it would benefit from the ability of the prokaryotic cell to generate ATP from a proton gradient; this was the case in the formation of the chloroplast from a cyanobacterium and the formation of a mitochondrion from a purple bacterium, and may have been the case in the early stages of the formation of the nucleus as well.
The ability of the original host cell to engulf prokaryotic cells resides in an interaction between its cytoskeleton and the proteins associated with the plasma membrane that are involved in endocytosis and phagocytosis. The ESPs that are particularly involved in endocytosis include clathrin, clathrin-related proteins, and dynamin ( Table 1) .
The ability of this array of proteins to engulf a prokaryotic cell is coordinated by a signaling system that involves the calcium ion. The ESPs involved in controlling the concentration and the effects of the calcium ion are calmodulin, phosphatidylinositol kinases, and phosphatases (Table 2) .
This finding would imply that the proteins involved in phagocytosis, endocytosis, and the calcium ion control system (modulated by calmodulin and phosphatidylinositol) were inherited by the eukaryotic cell from the chronocyte.
Endoplasmic Reticulum (ER) and Protein Synthesis. The use of calcium ion as a major internal signal in the eukaryotic cell involves not only the cytoskeleton and the plasma membrane but also the ER, a membrane system that lies between the nucleus and the plasma membrane. There are three domains in the ER: the outer nuclear membrane, the smooth ER, and the rough ER. Phospholipids, cholesterol, and steroids are synthesized in the smooth ER. The rough ER is so designated because it is a membrane decorated by ribosomes, where proteins are synthesized, folded, and packaged for transport to the Golgi apparatus. This relationship between the smooth and rough ER is indicative of an evolutionary relationship between lipid biosynthesis and protein biosynthesis. A large number of our ESPs are implicated in this system, especially the ribosomes (Table 1 ) and the GTP-binding proteins ( Table 2) .
There are 17 ribosomal proteins in our ESPs. These proteins are found in all sequenced eukaryotic cells and in particular in Giardia. There are 72 ribosomal proteins in Giardia (13), of which 55 ribosomal proteins have homology to either bacterial or archaeal ribosomal proteins. Because many of the remaining 17 ribosomal proteins are small, we lowered the criterion for homology to 50 bits, and then 6 ribosomal proteins were homologous to ribosomal proteins of the Archaea. There are 11 proteins that are not homologous to prokaryotic ribosomal proteins at this lower criterion for homology. The eukaryotic ribosomal proteins therefore have evolved from a mixture of prokaryotic ribosomal proteins and a small set of ribosomal proteins that came from the host cell or chronocyte.
Among the ESPs, there are two ESP ribosomal proteins that are ubiquitin-fusion proteins. This relationship suggests that ubiquitin may have been involved with protein synthesis before it became involved with protein degradation. Ubiquitin and ubiquitin ligases and proteases are prominent in our ESPs. They are involved in the eukaryotic protein degradation system. The proteins to be degraded are linked to ubiquitin by ubiquitin ligases and then handed over to the proteasome for degradation. The eukaryotic proteasome is made up of 14 different proteins (seven ␣ and seven ␤), whereas in the Archaea there are only 2 different proteins (one ␣ and one ␤). The proteasome may have originated in the Archaea and diversified in the eukaryotic cell, as there is a significant sequence homology of the ␣ and ␤ proteins of the Archaea to the 7 ␣ and 7 ␤ proteins of the eukaryotic cell. Giardia, however, has the full complexity of the eukaryotic proteasome (14) . We do not find any proteasome proteins in our ESPs; however, we do find a number of proteasome-associated proteins in our ESPs. They are found in the 19S proteasome regulatory particle. We hypothesize that the eukaryotic protein degradation system is a chimeric structure with the ubiquitin, ubiquitin ligases, ubiquitin proteinases, and the 19S regulatory proteasome particle coming from the host cell (chronocyte) and the original proteasome most likely came from an archaeal endosymbiont.
A general theme in both the eukaryotic protein synthesis and degradation pathways is that part of the machinery came from the prokaryotic endosymbiont and part came from the host cell or chronocyte. This is the case with respect to the eukaryotic translation elongation factors (EF)-1␣, -␤, and -␥. The yeast elongation factor EF-1␣ has 33% sequence homology to the bacterial EF-Tu (15) , and hence we do not see it in our ESPs. The prokaryotic elongation factor EF-Tu and its eukaryotic homolog EF-1␣ are both GTP-binding proteins. The prokaryotic EF-Ts and the eukaryotic EF-1␤ and EF-1␥ act as GDP-exchanging proteins. The elongation factors EF-1␤ and EF-1␥ are found in our ESPs and most probably came from the chronocyte.
What happened to the host's EF-Tu? We conjecture that it was the precursor of the largest family of proteins in our ESPs-the GTP-binding proteins (Table 2 ). This family of GTPbinding proteins include the subfamilies labeled Ras, Rho, Rab, Arf, and Ran (16) . Members of all of these subfamilies serve as biological switches. Before the GTP-binding proteins Ras, Rho, Rab, and Arf can act as switches, they must be localized to the various cell membranes by a posttranslational modification with a lipid (farensyl, geranylgeranyl, and myristyl groups).
Ras is localized to the plasma membrane. Ras in its GTP form activates a cascade of serine͞threonine kinases. Rho GTPbinding proteins are involved in the organization of the actin cytoskeleton. Rho proteins are also involved in phagocytosis and endocytosis. Rab GTP binding proteins are localized to the ER and the Golgi apparatus and are involved in vesicle transport. Arf is localized to the Golgi apparatus, where it is involved in the budding of vesicles from the Golgi apparatus.
We assume that these proteins-Ras, Rho, Rab, and Arf--have evolved from the membrane-protein-synthesizing machinery and cytoskeleton of the chronocyte. They are now localized on the cytoskeleton and membranes (the plasma, ER, and Golgi) of the eukaryotic cell.
The GTP-binding protein Ran does not have a lipid attachment and is thus not localized to a membrane. In fact, its main function is in the transport of molecules into the nucleus from the cytoplasm and the transport of molecules from the nucleus into the cytoplasm. Thus, Ran is a system that came into existence when the nucleus became an endosymbiont. There has recently been a phylogenetic comparison of prokaryotic and eukaryotic GTP-binding proteins. There was a clear separation of the prokaryotic families from the eukaryotic (Rab, Ran, Ras, and Rho) GTP-binding proteins (17) .
The Nucleus. The ESPs found in the nucleus are dominated by proteins involved in the synthesis, processing and transport of the RNAs of the nucleus into the cytoplasm. These nuclear ESPs are the transcription factors, zinc fingers, proteins associated with the RNA polymerases, spliceosomal proteins, a poly(A) polymerase, an mRNA capping enzyme, and the nuclear pore proteins (Table 3 ). There are also nucleolar proteins associated with the synthesis and transport of ribosomal RNA. The formation of mRNA in the eukaryotic cells frequently involves the splicing-out of introns from a larger precursor RNA. According to the exon-early theory, the origin of splicing mechanisms is assumed to have arisen in an RNA-based cell. Because RNA replication is far more error-prone than DNA replication, splicing may have originated as an error correction mechanism (18) . Among the nuclear ESPs there are four histones: H2A, H2B, H3, and H4. However, the eukaryotic histones share the same three-dimensional structure with the archaeal histone-like proteins of the Euryarchaeota (methanogens, etc.) (19, 20) . Unlike actin, tubulin, ubiquitin, and the GTP-binding proteins, whose three-dimensional homologs are found throughout the Archaea and Bacteria, the histone fold is found only in the Euryarchaeota and not in the Crenarchaeota or the Bacteria. The simplest explanation at the present time for the evolution of histones is that a histone-like protein came in with an ancient archaeal endosymbiont and subsequently evolved into the full eukaryotic complement of histones. The unique identifier symbols for the proteins are from Saccharomyces Genome Database and are shown in parentheses. The 10 ESP proteins that have low sequence homology to prokaryotic proteins are underlined (maximal BLAST score from 50 to 55 bits).
The Cell Cycle. The formation of the nucleus created a problem for the primitive eukaryotic cell: how to coordinate the division of the cytoplasm with that of the nucleus. The problem was solved by packaging the DNA in the nucleus into a small number of chromosomes. These chromosomes would double in each cell cycle. The cytoskeleton (actin filaments and microtubules) that had played such an important role in phagocytosis was now enlisted in the separation of the duplicated chromosomes to the daughter cells. This complex molecular ballet, called mitosis, was coordinated by the cyclins, a group of proteins that in turn activated the serine͞threonine kinases. The cyclins oscillate because of their synthesis early in the cell cycle and their hydrolysis in the later phases of the cell cycle mediated by ubiquitin. This oscillation appears to be the master cycle in the eukaryotic cell cycle. The regulators of the eukaryotic cell cycle (cyclins, serine͞threonine kinases, and ubiquitin proteins) are present among ESPs (Tables 2 and 3) . However, the wide distribution of serine͞threonine kinases among the Bacteria and the Archaea has led Leonard et al. (21) to postulate the existence of these proteins in the common eukaryote and prokaryote ancestor. This observation would imply that perhaps some of the serine͞threonine kinases came in with the bacterial and archaeal endosymbionts and some were already present in the host cell. The great differences in the cell cycles of prokaryotic cells and eukaryotic cells could be explained if the cyclins, some of the serine͞threonine kinases (found in our ESPs), and the cytoskeleton came from the host cell or chronocyte. This scenario would be a novel perspective on the evolution of the cell cycle, as it implies that the cell cycle did not simply evolve from the prokaryotic cell cycle (22) .
Discussion
The eukaryotic cell is not a simple fusion of an archaeon and bacterium. This statement is borne out by the existence of 347 ESPs. This finding agrees with the predictions of the ABC hypothesis. The 254 proteins that have an assigned function are intimately related to the structure and function of the eukaryotic cell. They are the components of the cytoskeleton, inner membranes, RNA-modification machinery, and the major elements of intracellular control systems such as ubiquitin, inositol phosphates, cyclins, and the GTP-binding proteins.
Thus, the ESPs with an assigned function are able to give us a partial picture of the chronocyte. It had a plasma membrane and a cytoskeleton. The coordination of this membranecytoskeleton system by means of calcium ions allowed the chronocyte to phagocytize archaea and bacteria. There was a complex inner membrane system where proteins were synthesized and broken down which eventually evolved into the ER, the GTP-binding proteins, ubiquitin, and the 11 ESP ribosomal proteins. This result is not a complete picture of the chronocyte, as we still cannot account for the functions of 93 ESPs (Table 4) .
We have also found that if we began our search for ESPs with Schizosaccharomyces pombe instead of S. cervesiae, we got back a majority of the ESPs as analyzed above but also got some new ESPs (results are posted at www.mcb.harvard.edu͞gilbert͞ESP). If, in our search for ESPs, we excluded Drosophila, we found an RNA-directed RNA polymerase. This enzyme is involved in the replication of RNAi, an RNA involved in posttranscriptional silencing. Because this enzyme is not found in Bacteria and Archaea, it suggests that the chronocyte was an RNA-based cell. This finding is also consistent with the differences found between the proteins of S. cervesiae and those of Sch. pombe. When the proteins of S. cervesiae are compared with the proteins of Sch. pombe, there is evidence that 300 proteins have been lost by S. cervesiae, including many components of the spliceosome, signalosome, and the posttranscriptional gene-silencing systems (23) . Thus, many cellular genomes are necessary for the reconstruction of the chronocyte, as some proteins can be missing in an individual genome. To get a full reconstruction of the chronocyte, we need more eukaryotic sequenced genomes, that are well annotated.
The results from Sch. pombe point to the genome of the chronocyte as being based on RNA. It was hypothesized that the chronocyte was an RNA-based cell (9) . Thus far we have focused on the ESPs of the eukaryotic cell. A full picture of the chronocyte would be completed by a set of eukaryotic signature RNAs (ESRs). There are the ribosomal and tRNAs to be considered, and to complete this set of ESRs we would require a complete catalog of all of the noncoding RNAs found in the Bacteria, Archaea, and the Eukarya. We already have some members of the noncoding ESRs, such as spliceosomal RNAs and a host of small RNAs of unknown function, which are found in the eukaryotic cell and not in Bacteria or Archaea. The non-coding RNAs in the eukaryotic cell is an area of cellular research that bears close attention in the near future.
The hypothesis that the nucleus was a prokaryotic endosymbiont in an RNA-based host cell (chronocyte) can explain why transcription occurs in the nucleus and translation occurs in the cytoplasm. The separation between transcription and translation would be the result of the communication setup between the endosymbiont, a DNA-based cell, and the host cell, which was an RNA-based cell. mRNA made in the endosymbiont would be transported and translated in the ''cytoplasm'' of the chronocyte. There are other important processes found in the eukaryotic cell, The unique identifier symbols for the proteins are from Saccharomyces Genome Database and are shown in parentheses. Two ESP proteins that have low sequence homology to prokaryotic proteins are underlined (maximal BLAST score from 50 to 55 bits).
such as reverse transcription, splicing, etc., that have evolved out of the cellular processes of the chronocyte and were not brought into the eukaryotic cell by the prokaryotic symbionts.
Conclusions
We agree with Horiike et al. (1) that the nucleus is an endosymbiont with inputs from Bacteria and Archaea. We disagree that the host cell came from the Bacteria. The host cell or chronocyte was not a prokaryotic cell but one that had a cytoskeleton composed of actin and tubulin and an extensive membrane system.
The chronocyte donated to the resulting eukaryotic cell, its cytoskeleton, ER, Golgi apparatus, and major intracellular control systems, such as calmodulin, ubiquitin, inositol phosphates, cyclin, and the GTP-binding proteins.
Finally, the full characterization of the Chronocyte will come from an understanding of the ESRs.
